Abstract Results from the use of a commercial, offthe-shelf X-ray scanner using storage phosphors to measure neutron activation in 1-and 2-D are presented. The technique consists of irradiating thin foils or wires of various elements, then placing the activated material on the storage phosphors to expose them. The amount of exposure is proportional to the activation obtained. Examples of wires, small foils, and large area foils with asymmetric irradiation using critical assemblies are presented. Combined with isotope-specific gamma counting of the entire foil or wire, the technique offers a simple way to obtain both qualitative and quantitative 2-D activation information.
Introduction
Small foils and wires are commercially available for neutron activation studies in nuclear reactors [1] . Typically, the foils are located in pre-designated sample locations, irradiated, removed, and counted. The amount of activation depends on the mass of the foil and both the quantity and energies of the neutrons to which it was exposed. By using different elements for the foils, each with different neutron absorption cross sections, the neutron spectrum at the foils' location can be extracted using a computer code such as SAND [2] or LSL [3] . Some of the most common activation foils are Au, In, Al, Fe, Cu, Sc, Ti, Rh, Ni, Mg, V, and Zr.
Flux wires are thin wires used to measure relative amounts of activation along a path, typically in 1-D. As with a foil, the wire is placed, activated, removed and counted. However, to determine positional information the wire must be counted in segments. This requires a shielded detector viewing only a section of the wire as the wire is translated beneath it, or actually cutting the wire into sections each of which is then counted and weighed. Measurements must be corrected for the decay time and extrapolated back to the time of irradiation for comparison purposes.
Our use of both foils and wires is tied to the former Los Alamos Critical Experiments Facility [4] , now renamed the National Criticality Experiments Research Center (NCERC) and relocated to the Nevada National Security Site (née Nevada Test Site). We have multiple Critical Assemblies, which are small, Type B nuclear reactors with essentially zero average power used in criticality research and experimentation. Some of the critical assemblies have a fixed geometry and some of them are quite variable depending on the experiment. Foils and wires have been used in both quantitative and qualitative fashion to measure the output of a given Critical Assembly.
As part of the move to Nevada, we decided to abandon our old wire counter. It consisted of a gas flow proportional counter facing the edge of a large rotating wheel around which the wire was placed. Data were collected as a function of position as the wheel rotated continuously, and the relatively rapid rotation of the wire meant the relative data did not need decay corrections. However, aversion to gas flow in the new facility and the condition of the old wiring dictated a new counting scheme.
Experimental
Rather than devising a new translational system, it was rather straightforward to look first for a modern, linear array of counters. Scanner bars came to mind but are much shorter than the lengths of wire typically used. Since our group also does radiography using storage phosphors to record the image, the idea came up of measuring the whole wire at once on a storage phosphor. We tested the concept by irradiating a set of foils and a wire for 1 week against a 10 6 neutron per second 252 Cf source. The foils and wire were then placed on the phosphor for 4 h after which phosphor was scanned, giving the image in Fig. 1 . The flux wire was visible as were half of the foils. All the foils were 12.7 mm in diameter, but both the In and Au images were saturated and appear larger. Several of the other foils did not produce an image. Given the relatively weak source, we considered the results a success. The potential for 2-D images of activation were immediately obvious, so we procured both storage phosphors and a scanner [5] for use at NCERC. The phosphors are 14 00 9 17 00 (356 9 432 mm), and the scanner is capable of multiple resolutions-results presented here are using 150 pixels/inch (5.9 pixels/mm). Our first application of 2-D neutron activation came on the Planet Critical Assembly [6] (Fig. 2) . Planet is a vertical assembly machine, meaning the fissile nuclear material is split between a stationary upper platform and a moveable lower platform. To achieve nuclear criticality, the lower platform is raised by commands from a remote control room. The experiment chosen for this work is known as the Class Foils Experiment, used in teaching criticality safety classes. Laminated 9 00 9 9 00 9 0.003 00 (229 mm 9 229 mm 9 0.08 mm) highly enriched uranium foils, 93 % 235 U and nominally 70 g each, are alternated with 14 00 9 14 00 9 0.5 00 (356 9 356 9 13 mm) plastic plates. Students continue to add foil/plate pairs to the upper half of the machine then leave and assemble it remotely, watching the increase in neutron count rate at each step and predicting how many pairs it takes to go critical. Eventually there is enough material that it does goes critical when assembled.
Results and discussion
The square geometry of the experiment made for an excellent case of non-symmetric neutron distributions. We taped four 4 00 9 4 00 9 0.0003 00 (102 9 102 9 0.008 mm) gold foils together and placed them in one quadrant of the stack, positioned as shown in Fig. 3 , then ran the machine at low power for 34 min. The next day we recovered the foil, which at that point measured 2 mR/h (0.02 Sv/h) on contact. We then did 1-h (Fig. 4) , 18-h (Fig. 5 ) and 3-h exposures, as well a gross count of the foil with an HPGe. The images clearly show the asymmetric activation. In addition, there are features resulting from the quick add-on nature of the gold foil activation that proved helpful in interpreting the images. For one, where the foils overlap or where a foil is folded upon itself the image is brighter because of greater localized exposure of the phosphor. The bright triangular spot to the side is a small piece of foil that tore off from one of the edges of one of the foils and stuck itself unnoticed to a less activated part after the irradiation, an accident that fortuitously shows the scanner is performing correctly.
Another observation is the mottled structure in the gold, which is from the wrinkles in the very thin foil causing more gold to be in those locations. The image from the 1-h exposure has been contrast-stretched by a factor of *8 to show detail, while the 18-h image is as scanned. In spite of the dose rates and long exposures, the images are sharp, not fogged out from the presence of the extended source. Finally, in Fig. 4 the tape holding the gold foils together is evident, whereas in the 18-h image (Fig. 5) it is not. In the 1-h exposure the tape was against the phosphor, while for the 18-h image the foil was turned over. From comparing the two images, it is evident that the darkening is not from decreased absorption of neutrons, since that would be evident from either side, but from attenuated exposure of the phosphor. We suspect the tape is attenuating the gold's X-rays.
There are several observations regarding the neutron distribution that can be made from the images. First, the neutron activation falls off very quickly where the foil extends past the plastic. This falloff is to be expected since the neutrons outside the plastic are ''lost'', whereas the ones in it scatter repeatedly and have multiple chances to interact with the gold. Second, the strongest activation is near the middle of the plastic border. One might expect the highest activation in the center of the assembly, but as seen in the image, the activation actually is not at a maximum over the uranium foil. Gold has a high thermal neutron cross section as well as a capture resonance at 4.9 eV. The reduction in activation occurs because the enriched uranium is even better at absorbing thermal neutrons than the gold: the 235 U thermal neutron cross section is higher, and there is also more mass of uranium. These two factors reduce the number of thermal neutrons available near the uranium foils. The resulting fissions in the uranium release neutrons at a higher energy, about 2 MeV, that are not absorbed as well by the gold.
The calculated number of 198 Au atoms created per gram of gold is shown in Fig. 6 , obtained from the 18-h image by integrating the values of all the pixels (4.20 9 10 10 ) and equating it to the total activation of the foil as measured by the HPGe (6.05 9 10 10 atoms of 198 Au) then dividing by the mass of the gold (6.1 g, all 197 Au). Such measurements can be compared against computer models, but a comparison was beyond the scope of the current demonstration.
From the MARC conference, we have become aware of the work of Kolotov et al. [7] [8] [9] doing 2-D activations and looking at the time decay of pixels to determine what isotopes are present. The present technique is amenable to such measurements in the future, and could be particular useful for us with those foils where more than one reaction product occurs. One example is Fe foils, where the 54 Fe(n,p) reaction creates 54 Mn with a 3.1 MeV threshold while the 56 Fe(n,p) reaction creates 56 Mn with a 6.0 MeV threshold. Whereas we did not image the Fe foil in our original neutron source test, we have many orders of magnitude greater activation available through the critical assemblies, and we anticipate being able to use nearly any type of foil. We also plan to image one of the laminated enriched uranium foils after a similar run in the future.
Conclusions
We have used a commercial, off-the-shelf X-ray scanner system and thin gold foils to measure gold neutron activation to what, to our knowledge, is unprecedented 2-D detail for reactor analysis. The system is very easy to use and provides very high resolution.
